Express Mail No. EV3 1 0852978US Docket No : 034299-548 

A METHOD FOR FORMING, BY CVD, NANOSTRUCTURES OF SEMI- 
CONDUCTOR MATERIAL OF HOMOGENEOUS AND CONTROLLED SIZE ON 

DIELECTRIC MATERIAL 

DESCRIPTION 
Cross-Reference to Related Application 

[0001] This application claims priority to French application no. 02 14658, filed on 
November 22, 2002, entitled: "A Method For Forming, by CVD, Nanostructures of 
Semi-Conductor Material of Homogenous and Controlled Size on Dielectric Material" 
and was not published in English. 
TECHNICAL FIELD 

[0002] The invention concerns a method for forming nanostructures of semi- 
conductor material on a dielectric material by chemical vapour deposition (CVD), said 
nanostructures being of homogeneous and controlled size. The semi-conductor 
material is, in particular, silicon or germanium. 

[0003] The invention further concerns devices with nanostructures obtained by 
means of the method according to the invention. 

[0004] ' The nanostructures formed in this way are intended for forming electronic, 
optic or opto-electronic devices and, in particular, for forming Coulomb blockade 
devices that use quantum dots. 
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[0005] The applications targeted in particular by the present invention are 

granular gate storage cells and DOTFET, which are field effect transistors that use 
nanostructures. 

STATE OF THE PRIOR ART 

[0006] The constant improvement in the performance of microelectronic circuits 
requires an increasingly higher integration rate of their elementary component, the 
MOSFET. Until now, the microelectronics industry has always been able to reduce the 
dimensions of the MOSFET by optimising the technological methods and has done so 
without encountering any major physical limitations in its operation. However, in the 
short or medium term, the SIA Roadmap provides for a gate length of around 35 nm, 
beyond which quantum effects will disrupt its correct operation. Solutions therefore 
need to be developed to replace the CMOS technology. 
[0007] One of the most promising routes involves using the charge 
retention/Coulomb blockade properties of semi-conductor nanostructures. A 
considerable amount of research is therefore being carried out at present to integrate 
said nanostructures, mainly formed of silicon, into said devices. 
[0008] For these specific applications, the nanostructures must be electrically 
isolated from the substrate by a dielectric layer. They must also be spatially isolated, 
in other words that they must not be in contact with each other. Furthermore, the size 
and the density of the nanostructures must be controlled with precision: their 
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dimension must be less than 10 nm and their spatial density on the substrate must be 
high, in other words vary between 10 9 and some 10 12 nanostructures/cm 2 . 
[0009] Several methods exist for forming said nanostructures such as, for example, 
chemical vapour deposition (CVD), which in particular allows the deposition on 
dielectrics of crystals of silicon of nanometric dimensions (with a diameter less than 
10 nm). 

[0010] The method for forming a layer of silicon on a dielectric by CVD from 
precursors such as silane or disilane is of the Volmer- Webber type: islands having 
three dimensions are first formed which grow up to the point of coalescence, before 
forming a continuous layer. By stopping the growth of the islands during the first 
stages of the deposition, one obtains crystalline islands of nanometric dimensions. 
However, with said method, the nucleation and growth phases are simultaneous. 
Consequently, when one applies the precursor gas 1 onto the dielectric 2 (Figures 1A 
and IB), the first stable nuclei 4 formed grow while new nuclei 5 appear (Figure IB). . 
One thus obtains in the end a dielectric having nanostructures of varied sizes 6A and 
6B (Figure 1C), where the size of the silicon nanocrystals obtained can be less than 10 
nm. (It should be noted that in the case represented by Figures 1 A to 1C, it involves a 
composite substrate comprising a substrate 3 covered with a layer of dielectric 
material 2). 

[0011] With said method, the silicon nanocrystals are also isolated from each other. 
Moreover, according to the document [1] referenced at the end of the present 
description, the spatial densities of the nanostructures obtained by CVD vary from 10 9 
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to some 10 12 /cm 2 depending on the deposition conditions and the chemical nature of 
the substrate. 

[0012] The main limitation of this technique is the high dispersion in size, around 50 
%, of the silicon nanocrystals. 

[0013] This has the effect of limiting the quality and the performance of devices 
based on said structures. 

[0014] In the same way, nanostructures of germanium may also be integrated into 
devices. In certain cases, the difference in the physical properties between silicon and 
germanium may make germanium more interesting for the applications targeted by the 
invention. Indeed, germanium has a narrower forbidden band than that of silicon, 
which allows a better confinement of the charges and an easier charging of the 
nanostructures. 

[0015] However, the deposition of nanostructures of germanium on dielectric by 
CVD is not mentioned in the literature. Indeed, the most commonly used precursor of 
germanium in CVD, germane, does not lead to deposition on silica. In this respect, it 
is known that germanium grows selectively on silicon compared to silica by CVD 
from germane (see the document [2] referenced at the end of the present description). 
[0016] The deposition of germanium by CVD on silica has however been studied, 
but in a different context to that of the present invention. According to the document 
[3] referenced at the end of the present description, it involved replacing poly-silicon 
in the gates of MOS transistors by poly-germanium. In this respect, the germanium 
structures formed were continuous layers of poly-germanium, several tens of 
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nanometres thick. In order to deposit the layers of poly- germanium on silicon by CVD 
of germane, it has been proposed depositing beforehand a continuous layer of poly- 
silicon several nanometres thick on which could be grown the continuous layer of 
poly-germanium by CVD of germane . 

DESCRIPTION OF THE INVENTION 

[0017] The invention proposes a method for forming nanostructures of semi- 
conductor material on a substrate of dielectric material by chemical vapour deposition 
(CVD) that does not have the disadvantages of the prior art. 
[0018] The method according to the invention comprises the following steps: 

- a step of forming on the substrate stable nuclei of a first semi-conductor 
material in the form of islands, by CVD from a precursor of the first semi-conductor 
material, chosen so that the dielectric material accepts the formation of said nuclei, 

- a step of forming nanostructures of a second semi-conductor material from 
the stable nuclei of the first semi-conductor material, by CVD from a precursor chosen 
to generate a selective deposition of the second semi-conductor material only on said 
nuclei. 

[0019] In other words, the precursor of the second material is chosen from among 
the precursors that make it possible to generate a selective deposition on the nucleus 
formed during the first CVD step, instead of on the dielectric substrate. 
[0020] According to a first embodiment, the first and second semi-conductor 
materials are in silicon. 
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[0021] According to a second embodiment, the first semi-conductor material is in 
silicon and the second semi-conductor material is in germanium. 
[0022] In other words, the method according to the invention makes it possible, 
firstly, to deposit nanostructures of germanium isolated from each other on a dielectric 
material by CVD; if the substrate of dielectric material is in silica and one uses 
germane as precursor of germanium, one does not need, thanks to said method, to 
deposit an intermediate continuous layer of silicon on the substrate of dielectric 
material of silica. By said method, the nanostructures have a homogeneous and 
controlled size, and their density varies between 10 9 and some 10 12 /cm 2 . 
Advantageously, by playing on the temperature and pressure parameters of the 
precursor during the deposition, one can obtain either crystalline or amorphous 
nanostructures. 

[0023] Furthermore, the invention also makes it possible to deposit, on a dielectric 
material, nanostructures of silicon isolated from each other by CVD with less size 
dispersion than that taught by the prior art. 

[0024] Preferentially, the substrate of dielectric material is chosen in such a way that 
it is as reactive as possible with the precursor of the first semi-conductor material. 
[0025] According to a first embodiment, said substrate of dielectric material is 
chosen from among the group comprising SiC>2, SiC>2 with a high density of Si-OH 
groups on its surface, Si 3 N 4 , A1 2 0 3 and Hf0 2 . 
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[0026] Advantageously, the step of forming stable nuclei of a first semi-conductor 
material is carried out for an exposure time chosen as a function of the desired density 
of nuclei ; the longer the exposure time, the higher the density of nuclei. 
[0027] The step of forming nanostructures of a second semi-conductor material from 
stable nuclei of the first semi-conductor material is, for its part, carried out for an 
exposure time advantageously chosen as a function of the desired size of 
nanostructures ; the longer the exposure time, the larger the size of the nanostructures. 
[0028] Advantageously, the CVD steps are carried out with a low partial pressure of 
precursor. Indeed, if the partial pressure of the precursors is low, the rate of growth of 
the nuclei is low and one can thus control more easily the size of the nanostructures. 
[0029] According to a specific embodiment of the invention, the precursor of the 
first semi-conductor material is silane. 

[0030] In this case, the formation of nuclei of the first semi-conductor material is 
carried out at a temperature between 550 °C and 700 °C and with a low partial 
pressure of silane, less than around 133 Pa (1 Torr). The deposition temperature 
interval is chosen in such a way that the temperature is sufficiently high for the 
precursor to be able to dissociate and generate the formation of a crystalline nucleus, 
and also as low as possible in order to limit the rate of growth of said nuclei. 
[0031] According to a specific embodiment in which the step of forming stable 
nuclei of a first semi-conductor material is carried out at partial pressures less than 
around 1.33 Pa (10 mTorr), the exposure time of the substrate to the precursor of the 
first semi-conductor material is less than 15 minutes. 
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[0032] In another specific embodiment in which the step of forming stable nuclei of 
the first semi-conductor material is carried out at partial pressures less than around 
133 Pa (1 Torr), the exposure time of the substrate to the precursor of the first semi- 
conductor material is less than 1 minute. 

[0033] Advantageously, when the first and second semi-conductor materials 
deposited on said substrate, in one case, and on said nuclei, in the other case, are 
silicon, the precursor of the second semi-conductor material is dichlorosilane. 
[0034] Advantageously, when the first semi-conductor material deposited on said 
substrate is silicon and the second semi-conductor material deposited on said nuclei is 
germanium, the precursor of the second semi-conductor material is germane. 
[0035] Consequently, when the precursor of the second semi-conductor material is 
dichlorosilane or germane, the step of forming nanostructures is carried out at a 
temperature between 300 °C and 1000 °C and with a partial pressure of the precursor 
less than around 133 Pa (1 Torr). 

[0036] The invention further concerns nanostructures formed by one of the methods 
according to the invention, characterised in that the nanostructures are of 
homogeneous and controlled size. 

[0037] According to a specific embodiment, said nanostructures may be doped by 
co-deposition or by implantation with elements such as boron, phosphorous, arsenic or 
erbium. 

[0038] Said nanostructures formed by one of the methods according to the invention 
may be encapsulated by deposition of a dielectric. 
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[0039] The invention further concerns devices having nanostructures obtained by 

means of one of the methods according to the invention. 

[0040] According to a specific embodiment, said device may be a storage cell 

having a floating gate which is composed of nanostructures formed by means of one 

of the methods according to the invention. 

[0041] Advantageously, said storage cell is a DOTFET. 

[0042] The invention has numerous other advantages. 

[0043] Firstly, since the range of spatial densities of the nanostructures obtained 
with said method is identical to that of the nuclei deposited in the first CVD step, the 
size of the nanostructures obtained in the end may be chosen over a wide range of 
values where the minimum size of the nanostructures is around one nanometre and the 
maximum size is that beyond which said nanostructures begin to touch each other. « 
Consequently, one may control the density of said nanostructures over a wide range 
between 10 9 and some 10 12 /cm 2 . 

[0044] Furthermore, due to the separation of the germination and growth steps, the 
size distribution of the nanostructures obtained by said method is very narrow. 
[0045] It should be noted that, in the case of germanium nanostructures, the purity 
of the nanostructures obtained is high since the size of the nuclei formed during the 
first CVD step is small compared to that of the final nanostructures. 
[0046] Thanks to said method, the average size of the silicon nanostructures may be 
controlled with precision and may be modified easily without having to change the 
deposition conditions: it is sufficient to modify the deposition time of the second step 
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in order to have nanostructures of the desired size. On the other hand, in the case of a 
method in a single step, a modification of the deposition time would lead to a 
modification of the average size of the nanostructures, but also of their density. 
Consequently, it would be necessary to modify the deposition conditions, pressure and 
temperature in order to obtain the desired density of silicon nanostructures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0047] The invention will be more fully understood and other advantages and 
specific features will become clearer on reading the description that follows, given by 
way of illustration and in nowise limitative, and by referring to the appended 
drawings, among which : 

- Figure 1A to 1C, already described, illustrate the method for growing silicon 
nanostructures by CVD in a single step, according to the prior art, 

- Figures 2 A to 2C illustrate the method for growing silicon or germanium 
nanostructures by CVD in two steps, according to the invention. 

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS 

[0048] Figure 2A illustrates what happens during the first CVD step : one applies to 
the substrate 13 covered with a dielectric layer 12 a precursor gas 11, which allows the 
formation of nuclei 14 on the dielectric 12. This is the nucleation phase. 
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[0049] Then, in the second CVD step (Figure 2B), one applies a precursor gas 21 of 
the nanostructures 16A that one wishes to obtain, in other words nanostructures of 
germanium or silicon depending on the case, and these selectively grow on the nuclei 
14 formed during the first step, instead of on the dielectric substrate 12. This is the 
growth phase. 

[0050] After the two CVD steps, one obtains a device with nanostructures of 
homogeneous size 16B (Figure 2C). 

[0051] We will now focus on the detailed description of the method for forming 
germanium nanostructures on a silica dielectric substrate according to the invention. 
We have seen previously that said method comprises two CVD steps: 

- the first step where stable silicon nuclei are deposited on the dielectric 
substrate (Figure 2A), . 

- the second step where germanium nanostructures selectively grow on the 
nuclei formed during the first step instead of on the dielectric substrate (Figure 2B). 

[0052] The aim of the first step is to functionalise in a discrete manner the surface of 
the dielectric silica substrate in order to allow the growth of germanium 
nanostructures. 

[0053] The silicon nuclei, where the terms "nucleus" signifies a cluster of several 
tens to several thousands of atoms, are always very small in relation to the size of the 
final germanium nanostructures. 
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[0054] We have seen in the introduction that in order to use the charge 
retention/Coulomb blockade properties of the semi-conductor nanostructures, it is 
necessary for the density of the nuclei to be between 10 9 and some 10 12 /cm 2 . 
Moreover, the distance between the nuclei must be greater than the desired diameter 
of the germanium nanostructures so that said nanostructures do not coalesce. 
[0055] To summarise, the experimental conditions must be such that a high density 
of stable nuclei form, spread out uniformly on the substrate and in such a way that the 
formation of the nuclei is as instantaneous as possible, so that the nuclei all have the 
same size. 

[0056] In order to satisfy all of these criteria, the operating conditions must be 
perfectly controlled. 

[0057] Firstly, the exposure of the surface must be carried out at sufficiently high 
temperature so that the precursor of silicon can dissociate and generate the formation 
of a crystalline nucleus. However, the deposition temperature must also be chosen as 
low as possible in order to limit the rate of growth of said nuclei: For example, in the 
case of silane as precursor of silicon, the formation of silicon nuclei is advantageously 
carried out at a temperature between 550 °C and 700 °C. 

[0058] The partial pressure of the precursor of silicon must be low so that the rate of 
growth of the nuclei is low. In the case of silane as precursor of silicon, the partial 
pressure of silane is preferentially below around 133 Pa (1 Torr). The precursor may 
be diluted in a vector gas or not. 
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[0059] The deposition time is chosen as a function of the desired density of nuclei. 
In the case of an exposure of the dielectric substrate to silane at partial pressures 
below around 1.33 Pa (10 mTorr), the exposure time of the surface to the gas is less 
than 15 minutes. 

[0060] In the case of silane use at partial pressures less than around 133 Pa (1 Torr), 
the exposure time of the surface to the gas is less than 1 minute. 
[0061] In order to obtain high densities of nuclei, the dielectric substrate must be as 
reactive as possible with the precursor of silicon, in order to favour the formation of 
nuclei rather than the diffusion of the precursor to the surface. In the case of an 
exposure of the dielectric substrate to silane, high densities of nuclei are formed on • 
Si 3 N 4 , A1 2 0 3 , Hf0 2 or Si0 2 having a high density of Si-OH groups at its surface. 
[0062] The spatial density of the nuclei formed during said first step determines the 
final density of germanium nanostructures. The density of the nuclei may be 
controlled by the surface chemical properties of the substrate and the arrangement of 
said nuclei may be controlled according to the method described in the document [4] 
referenced at the end of this description. 

[0063] During the second CVD step, the germanium nanostructures grow selectively 
on the nuclei formed during the first step instead of on the dielectric substrate. The 
precursor of germanium is preferentially germane/but could also be another precursor 
in so far as it generates a selective deposition on the nucleus formed during the first 
CVD step instead of on the dielectric. 
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[0064] The growth of the germanium nanostructures is carried out under 
conventional conditions for depositing germanium on silicon by CVD: the 
temperature must be between 300 °C and 1000 °C, the partial pressure of the 
precursor of germanium must be less than around 133 Pa (1 Torr) and the deposition 
time must be determined in such a way as to obtain nanostructures of the desired size. 
[0065] The size of the nanostructures is controlled by the deposition conditions 
(pressure, temperature and time) of said second CVD step. Preferably, one uses 
operating conditions so that the rate of growth of the nanostructures is low, in order to 
be able to control with precision the size of said nanostructures. Consequently, one 
uses a low partial pressure of the precursor of germanium and a low deposition 
temperature but which allows its dissociation to the surface of the substrate. 
[0066] The method according to the invention also makes it possible to form silicon 
nanostructures in which the size dispersion is much narrower compared to the method 
described in the literature by deposition of silane in a single step [1]. In order to 
achieve this, the silicon nucleus is formed during the first CVD step as described here- 
above (Figure 2 A) and one uses, for the second CVD step, a precursor of silicon that 
makes it possible to generate a selective deposition on the nucleus of silicon created 
instead of on the dielectric substrate (Figure 2B). One may, for example, use 
dichlorosilane as precursor of silicon. In this case, the deposition of silicon from 
dichlorosilane may be carried out at temperatures varying between 300 °C and 1000 
°C, and with partial pressures of precursor less than around 133 Pa (1 Torr). 
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[0067] Under these conditions, the invention makes it possible to eliminate one of 
the principal causes of the size dispersion of the silicon nanostructures obtained by 
CVD in a single step. This cause, which is intrinsic to said method of formation in one 
deposition step, is that the nucleation and growth phases are simultaneous. Indeed, in v 
the case of depositing silicon nanocrystals on dielectric, it has been measured that the 
average size and the density of said nanocrystals continuously and simultaneously 
increases up to coalescence (see document [5] at the end of this description). The 
invention makes it possible to dissociate said nucleation and growth steps leading to 
the formation of silicon nanostructures by CVD. This results in a much narrower size 
dispersion of the nanostructures obtained compared to the method in a single CVD 
step described in the literature. For example, whereas the silicon nanostructures 

9 

formed by CVD from silane in a single step have a size dispersion of 50 % [1], the 
silicon nanocrystals formed according to the two step deposition method described 
above, using silane in the first CVD step and dichlorosilane in the second CVD step, 
have a size dispersion less than 20 %. 

[0068] Said silicon or germanium nanostructures may be doped by co-deposition or 
by implantation with elements such as boron, phosphorous, arsenic, erbium in order 
to, for example, improve their luminescence or retention properties. 
[0069] Said nanostructures may also be encapsulated by deposition of a dielectric. 
For example, said nanostructures encapsulated in this way may be used for a storage 
application, where the charge in the form of electrons reaches the nanostructures, 
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which here are storage points, through a thin dielectric film. In the same way, said 
encapsulated nanostructures may be used for a reading application. - 
[0070] We will now describe in more detail two embodiments of a device according 
to the invention. 

[0071] The first example illustrates the formation of germanium nanostructures on a 

silicon substrate having a thin dielectric film in the form of silica. The base substrate 

» 

is silicon <100> of resistivity between 7 and 10 Q.m and doped p. One carries out an 
oxidation of said substrate at 800 °C in an oven: a layer of oxide 7 nm thick is formed 
in this way. 

[0072] During the first CVD step, silicon nuclei are deposited from SiB* precursor 
at 600 °C at a partial pressure of around 8 Pa (60 mTorr) and for a period of 15 s. The 
silicon nuclei obtained have a size less than 1 nm and cannot be detected by high 
resolution scanning microscopy. 

[0073] During the second step, silicium nanostructures are deposited by CVD from 
GeH4 precursor at 600 °C at a partial pressure of around 1.20 Pa (9 mTorr) and for a 
period of 15 s. One obtains germanium nanocrystals of 15 nm average diameter, with 
a size dispersion less than 20 %. Their density is 5.10 9 nanocrystals/cm 2 and the 
quantity of silicon in the germanium nanostructure is so low that it cannot be detected 
by techniques such as XPS. 

[0074] The second example, for its part, illustrates the formation of silicon 
nanostructures on a silicon substrate with a thin dielectric layer in the form of silica. 
The base substrate is silicon <100> of resistivity between 7 and 10 Q.m and doped p. 
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One carries out an oxidation of said substrate at 800 °C in an oven: a layer of oxide 7 
nm thick is formed in this way. 

[0075] During the first step, silicon nanostructures are deposited by CVD from SiHi 
precursor at 600 °C at a partial pressure of around 8 Pa (60 mTorr) and for a period of 
15 s. The silicon nuclei obtained have a size less than 1 nm and cannot be detected by 
high resolution scanning microscopy. 

[0076] During the second step, silicium nanostructures are deposited by CVD from 
SiH 2 Cl 2 precursor at 650 °C at a partial pressure of around 8 Pa (60 mTorr) and for a 
period of 300 s. One obtains silicon nanocrystals of 5 nm average diameter, with a size 
dispersion less than 20 %. The density is 5.10 9 nanocrystals/cm 2 . 
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